Flaviviruses infect their host cells by a membrane fusion reaction. In this study, we performed a functional analysis of the membrane fusion properties of West Nile virus (WNV) with liposomal target membranes. Membrane fusion was monitored continuously using a lipid mixing assay involving the fluorophore, pyrene. Fusion of WNV with liposomes occurred on the timescale of seconds and was strictly dependent on mildly acidic pH. Optimal fusion kinetics were observed at pH 6.3, the threshold for fusion being pH 6.9. Preincubation of the virus alone at pH 6.3 resulted in a rapid loss of fusion capacity. WNV fusion activity is strongly promoted by the presence of cholesterol in the target membrane. Furthermore, we provide direct evidence that cleavage of prM to M is a requirement for fusion activity of WNV.
West Nile virus (WNV) is a member of the genus Flavivirus which also includes dengue virus (DENV) and tick-borne encephalitis virus (TBEV). Flaviviruses infect cells via
receptor-mediated endocytosis. In the acidic environment of the endosome, the viral envelope (E) glycoproteins undergo a series of orchestrated structural rearrangements, leading to fusion of the viral membrane with the endosomal membrane. Upon RNA replication and protein translation, prM/E-containing immature particles are formed by the budding of newly formed nucleocapsids into the endoplasmic reticulum (Lindenbach & Rice, 2001) . These particles mature during transport through the Golgi and trans-Golgi network and shortly before the final release of the virions prM is cleaved to M by the host cell protease furin. Furin cleavage is not very efficient, as a mixture of prM-and M-containing particles are secreted from infected cells (Wengler & Wengler, 1989 ).
The flavivirus E-glycoprotein and alphavirus E1 glycoprotein are representatives of class II fusion proteins (Kielian & Rey, 2006) . Class II fusion proteins share a similar architecture and undergo major structural rearrangements during their viral life cycle. For example, in the infected cell, class II fusion proteins are synthesized along with a companion protein (prM in flaviviruses and p62 or PE2 in alphaviruses) that stabilizes the fusion protein during transport through the secretory pathway. In addition, a series of conformational changes of the flavivirus E-and alphavirus E1-glycoproteins provide the driving force for membrane fusion. Exposure to low pH causes dissociation of the flavivirus E-homodimer or alphavirus E1-E2 heterodimer, which is followed by the formation of homotrimers (Sánchez-San Martín et al., 2008). Despite the similarities in structure and overall mechanism of fusion, studies in liposomal model systems have revealed that the conditions that allow fusion may differ between flaviviruses and alphaviruses. For instance, alphavirus fusion is strictly dependent on the simultaneous presence of cholesterol (Chol) and sphingolipids in the target membrane (Nieva et al., 1994; Smit et al., 1999) while, in contrast, TBEV fusion does not appear to have such strict lipid requirement (Corver et al., 2000; Stiasny et al., 2003) .
In this study, we investigated the functional requirements of WNV membrane fusion in a liposomal model system. Fusion of WNV with liposomes is efficient and occurs on the timescale of seconds. Optimal fusion kinetics were observed at pH 6.3, the threshold for fusion being pH 6.9. Furthermore, the presence of Chol in the target membranes significantly enhanced the membrane fusion potential of the virus. Finally, we demonstrate that maturation of WNV particles is required for membrane fusion activity.
To analyse the membrane fusion properties of WNV particles, we biosynthetically labelled the virus with the fluorescent probe, pyrene, as described before for alphaviruses. Briefly, WNV strain NY385-99, a generous gift from Dr J. Goudsmit (Crucell B.V., The Netherlands) was added at an m.o.i. of 4 to baby hamster kidney cells (BHK-21) cultured beforehand in the presence of 15 mg 16-(1-pyrenyl)hexadecanoic acid (Invitrogen) ml 21 medium (Bron et al., 1993; Smit et al., 1999) . At 24 h post-infection (p.i.), the virus particles were harvested and purified by ultracentrifugation (Smit et al., 1999) . The purity of the isolated fraction was checked by SDS-PAGE analysis and this revealed that the virus preparations were pure as only the viral proteins E, prM, C and M were observed (results not shown). Subsequently, the incorporation of pyrene into the viral membrane was evaluated by measuring the excimer-to-monomer (E/M) ratio in a Fluorolog 3-22 fluorimeter (BFi Optilas), essentially as described previously for TBEV (Corver et al., 2000) . We found an average E/M ratio of 0.29±0.14 (n54), similar to the results obtained earlier with Semliki Forest virus (SFV) and TBEV (Bron et al., 1993; Corver et al., 2000) . To ensure that pyrene-labelling did not affect the specific infectivity of the virus, we next determined the number of infectious units (IU) by titrating the virus on BHK-21 cells, and the number of physical particles by micro-Lowry protein determination. A theoretical amount of 2.26610 217 g protein per virus particle was used to calculate the number of physical particles. The IU-to-particle ratio of unlabelled WNV was on average 1 : 850 (n52), which is in agreement with earlier studies (Wengler & Wengler, 1989) . Importantly, the average ratio for pyrene-labelled preparations was 1 : 550 (n54), indicating that labelling had no effect on the infectivity of WNV.
Membrane fusion activity of pyrene-labelled WNV was measured in a liposomal model system. Upon fusion, the pyrene-labelled phospholipids will be diluted into the liposomes, resulting in a decrease of pyrene excimer fluorescence, which can be measured in an online fashion. Liposomes were prepared by a freeze-thaw extrusion procedure and consisted of a mixture of phosphatidylcholine (PC), phosphatidylethanolamine (PE), sphingomyelin (SPM) and cholesterol (Chol) at the indicated ratios, as described before (Smit et al., 1999) . Approximately 60 % of the particles fused with liposomes within 3 s after acidification to pH 6.3 (curve a). At pH 6.5, the initial rate of fusion was reduced compared with that at pH 6.3, but the extent remained close to 60 % (curve b). No membrane fusion was detected at pH 7.4 (curve c). A detailed characterization of the pH dependency is depicted in Fig. 1(b) . The fusion kinetics at physiologically relevant pH values below 6.3 were similar, both in terms of initial rate and final extent. A marked decrease in fusion activity was observed at pH 6.7, the threshold for fusion being pH 6.9. Furthermore, exposure of WNV to pH 6.3 in the absence of target membranes resulted in a rapid loss of fusion activity (Fig. 1c) . This shows that membrane fusion activation at low pH is of a transient nature, resulting in a rapid irreversible loss of membrane fusion capacity.
Subsequently, we studied the influence of the target membrane lipid composition on WNV fusion. Fig. 2 . shows that Chol has a strong promoting effect on membrane fusion activity. Analysis of the kinetics of fusion indicated that Chol mainly influenced the final extent of fusion as the initial rate (when related to the final extent reached) is constant in the presence and absence of Chol.
The inclusion of SPM did not significantly enhance the fusion extent any further. Neither Chol nor SPM are essential for WNV membrane fusion, as target membranes consisting only of PC/PE supported fusion, albeit to a limited extent.
Earlier studies on TBEV and DENV have demonstrated that prM-containing particles are essentially non-infectious (Elshuber et al., 2003; Zybert et al., 2008) . Furthermore, it has been shown that furin cleavage of prM to M is required for membrane fusion activity of TBEV on mosquito cells, as measured by a fusion-from-without assay (Guirakhoo et al., 1991; Stadler et al., 1997) . Here, we used the liposomal model system to directly determine whether maturation is a prerequisite for fusion activity of WNV. To this end, we produced immature WNV on furin-deficient LoVo cells (Takahashi et al., 1993; Zybert et al., 2008) . Briefly, LoVo cells were infected at an m.o.i. of 4. At 48 h p.i., the medium containing the virus particles was harvested and purified as described before (Zybert et al., 2008) . To determine the maturation status of LoVoderived WNV, we produced 35 S-methionine-labelled virus using methods described before (Zybert et al., 2008) . Purified virus particles were subjected to SDS-PAGE analysis and the protein bands corresponding to the viral proteins were quantified using ImageQuant TL software (Molecular Dynamics). The percentage of immature particles in the preparation was determined by relating the intensity of prM and M to that of E, on the basis of the relative numbers of methionine residues in the distinct viral proteins. Fig. 3(a) shows that LoVo-derived WNV is completely immature. Quantification of the protein bands revealed that the prM content of WNV grown on LoVo cells was 87±7 % compared with 30±11 % in BHK-21 cell-derived WNV. The relatively high number of prMcontaining particles in wild type (wt) preparations is in agreement with earlier studies (Wengler & Wengler, 1989) . Subsequent determination of the specific infectivity revealed that immature WNV particles are essentially non-infectious as the p.f.u.-to-particle ratio of LoVoderived WNV was approximately 50 000-fold lower compared with that of wt BHK-21-produced virus.
Next, we investigated whether the presence of prM obstructs membrane fusion activity, using a reverse variant of the pyrene fusion assay (Smit et al., 1999) . In this assay, a large excess of unlabelled WNV is incubated with pyrenelabelled liposomes and therefore it is well suited to determine the presence of fusion-active particles amongst a virus population. To measure fusion, liposomes with a diameter of 70 nm were used. Fusion of a 70 nm liposome with a viral lipid membrane of 40 nm in diameter (Kuhn et al., 2002) will theoretically result in a 1/4 increase in liposomal membrane surface area with a concomitant decrease of pyrene excimer fluorescence intensity of 25 %. Pyrene-labelled small unilamellar vesicles (pyrSUVs) were prepared as described previously (Smit et al., 1999) Fig. 3(c) shows that pyrSUVs fused efficiently with wt WNV particles (curve a), with an average extent of pyrene excimer fluorescence decrease of 23 %. This corresponds to the theoretical value and suggests that all liposomes fused once with a virus particle under the conditions of the experiment. Again, fusion activity was strictly dependent on exposure of the virus-liposome mixture to mildly acidic pH. Immature particles failed to induce membrane fusion with liposomes at pH 6.3 (curve d), or lower (data not shown).
Subsequently, we investigated whether we could activate the membrane fusion potential by treatment of immature virus particles with exogenous furin. To this end, immature particles were incubated with furin (New England Biolabs) for 16 h at pH 6.0 and subsequently back-neutralized to pH 7.4. First, we determined by SDS-PAGE analysis, using 35 S-methionine-labelled virus, the ability of furin to cleave prM to M. Furin-treated immature WNV particles were completely mature, as the prM protein band was no longer visible on the gel (Fig. 3a, lane 3) . Likewise, titration on BHK-21 cells showed that the infectivity had increased by approximately 1000-fold (Fig. 3b) . Next, the fusion potential of these particles was assessed in a direct fusion Functional requirements of West Nile virus fusion measurement with pyrSUVs. Furin-treated immature WNV particles (curve b) fused efficiently with liposomes, which demonstrates that prM to M cleavage is required for membrane fusion activity. Gollins and Porterfield (1986) showed before that WNV particles fuse with liposomes in a pH-dependent manner. In their work, fusion was measured quantitatively on the basis of content mixing between 3 H-uridine-labelled WNV with RNase-containing liposomes. Efficient RNA degradation was observed after 2 min incubation at low pH, indicating that membrane fusion occurs relatively quickly upon acidification. In this study, we obtained a detailed insight into the kinetics of membrane fusion as we measured fusion in a continuous fashion on the basis of lipid mixing. We observed that the majority of particles fused with liposomes within 3 s after exposure of the virusliposome mixture to pH values ranging from pH 6.3 to 5.0. At pH 6.5, much lower fusion rates were observed even though maximum extent was reached. If we define the fusion curve as a cumulative plot of complete individual membrane fusion events, the lower rate of fusion suggests that the time from acidification to fusion and lipid mixing is variable under these conditions. This may reflect differences in the specific organization of viral glycoproteins on individual virions, as a mixture of mature and partially mature particles are suggested to be present in WNV preparations. At pH 6.7 slower kinetics and lower extents of fusion were observed, the threshold for fusion being pH 6.9. The kinetics of membrane fusion are similar to those described before for TBEV and faster compared with that of alphaviruses, which suggests that flaviviruses require a lower activation energy to drive the membrane fusion process (Bron et al., 1993; Corver et al., 2000) .
The presence of Chol in target membranes strongly promotes membrane fusion activity of WNV. The highest extent of fusion was observed with liposomes containing 50 mol% Chol. The presence of Chol and SPM in target membranes is not required for membrane fusion activity, which suggests that, in general, flaviviruses exhibit a distinct lipid dependency compared with that of alphaviruses (Gollins & Porterfield, 1986; Corver et al., 2000; Stiasny et al., 2003; Umashankar et al., 2008) . Furthermore, our results demonstrate that the rate of fusion (related to the final extent reached) is similar in both the absence and presence of Chol, suggesting that Chol does not stimulate the fusion process itself. Instead, we propose that the presence of Chol facilitates a more stable initial interaction of WNV with target membranes. Indeed, coflotation studies showed that Chol strongly promotes low-pHtriggered interaction of the fusion protein of alphaviruses (SFV) and flaviviruses (TBEV and DENV) with liposomes (Stiasny et al., 2003; Umashankar et al., 2008) . In contrast to SFV E1, however, DENV E does not directly interact with Chol in the target membrane, which suggests that the observed promoting effect of Chol is due to the overall change of the lipid environment of the target membrane. Moreover, a recent study suggested that cholesterol-rich microdomains are involved in WNV uptake as it was observed that viral entry is inhibited in Chol-depleted cells (Medigeshi et al., 2008) . Our results show that WNV fusion proceeds efficiently in the absence of SPM, indicating that the presence of lipid rafts is not essential for WNV membrane fusion. However, we do not exclude the possibility that rafts are involved in the entry process of WNV.
It is generally accepted that the presence of prM in immature flavivirus particles obstructs viral infectivity (Elshuber et al., 2003; Zybert et al., 2008) . Furthermore, studies on TBEV have revealed that cleavage of prM to M is important for the activation of the membrane fusion machinery, using a fusion-from-without assay in C6/36 cells (Guirakhoo et al., 1991; Stadler et al., 1997) . In the present study, we analysed the fusion properties of immature and mature WNV particles in an online fashion using a liposomal fusion assay. We show that immature particles lack the ability to induce membrane fusion. The infectious properties of WNV particles could be activated upon furin cleavage, after which a complete restoration of membrane fusion was observed. This proves that cleavage of prM to M is strictly required for expression of membrane fusion activity of WNV. Furthermore, our results indicate that immature particles, in contrast to wt virus preparations, are protected against low pH-mediated inactivation of membrane fusion activity. This substantiates the notion that upon cleavage of prM to M, the prpeptide remains associated with the mature particle until it is returned to neutral pH, thus stabilizing the virus particle and preventing irreversible loss of membrane fusion that would otherwise occur under low pH conditions (Yu et al., 2008) .
